Localized arrays of proteins cooperatively assemble onto chromosomes to control DNA activity in many contexts. Binding cooperativity is often mediated by specific protein-protein interactions, but cooperativity through DNA structure is becoming increasingly recognized as an additional mechanism. During the site-specific DNA recombination reaction that excises phage from the chromosome, the bacterial DNA architectural protein Fis recruits multiple -encoded Xis proteins to the attR recombination site. Here, we report X-ray crystal structures of DNA complexes containing Fis + Xis, which show little, if any, contacts between the two proteins. Comparisons with structures of DNA complexes containing only Fis or Xis, together with mutant protein and DNA binding studies, support a mechanism for cooperative protein binding solely by DNA allostery. Fis binding both molds the minor groove to potentiate insertion of the Xis ␤-hairpin wing motif and bends the DNA to facilitate Xis-DNA contacts within the major groove. The Fis-structured minor groove shape that is optimized for Xis binding requires a precisely positioned pyrimidine-purine base-pair step, whose location has been shown to modulate minor groove widths in Fis-bound complexes to different DNA targets.
INTRODUCTION
Cooperative interactions between DNA-binding proteins at specific genomic sites govern many cellular processes including transcription, replication, and recombination. Whereas individual affinities and sequence selectivity of participating proteins in these reactions can be remarkably poor, favorable interactions between binding partners can synergistically promote assembly of multi-component nucleoprotein complexes and underlie mechanisms of combinatorial control.
Most reported instances of binding cooperativity on DNA involve direct protein-protein interactions, but there are examples whereby local protein-induced changes in DNA structure have been implicated in promoting binding of partner proteins. By this mechanism, binding of one protein to a specific site changes DNA shape so as to create an optimized DNA conformation for a second protein that would otherwise exhibit poorer binding affinity to that site. An often cited example is the cooperative binding of eight different transcription factors within a 55 bp segment of the interferon-␤ enhanceosome, where X-ray crystallography revealed few direct protein-protein interactions between binding partners (1) . Evidence has also been presented indicating that conformational features of DNA can be transmitted over distances of one or two helical turns to influence binding kinetics of different protein pairs (2) .
A well-studied example of cooperative binding interactions involving DNA architectural and recombinase proteins are the mutually exclusive assembly of recombination complexes that control the integration and excision reactions of the phage genome ( Figure 1A) (3). Multiple copies of four different proteins binding over ∼250 bp of phage and bacterial DNA participate in these reactions. In this paper, we focus on the ability of the Escherichia coli Fis protein to recruit the phage-encoded Xis protein to the attR recombination site, a key control step in formation of the excisive intasome ( Figure 1B) (4, 5) . Fis binds to the high affinity site F located ∼ 65 bp from the region that undergoes DNA strand exchange by the phage integrase. Binding of the Fis dimer recruits an Xis protomer to the X2 site that overlaps F, which leads to sequential binding of two additional Xis protomers to the adjacent DNA segment (sites X1.5 and X1) (6) (7) (8) . Xis binding at X1 is critical because it recruits the N-terminal domain of the integrase protein (Int) to the adjacent P2 site, which is uniquely occupied Figure 1 . The phage excision reaction and Fis-Xis-DNA structures. (A) excision and integration reactions. The recombination reaction excising the phage genome (thick line) from the E. coli chromosome (dash line) occurs between specific recombination sites attL and attR and requires phage-encoded integrase (Int) and Xis plus bacterial nucleoid proteins IHF and Fis. The reverse reaction, integrative recombination, requires Int and IHF and is also stimulated by Fis but inhibited by Xis (3) . (B) Organization of the attR recombination site with proteins and binding sites denoted. In the attR x attL recombination complex the bivalent Int recombinase simultaneously binds to the P2 and the bacterial DNA side of the crossover region (0) (12) . The combined DNA bending activities of Xis, Fis and IHF stereo-specifically loop the DNA to enable formation of this bridge by the Int N-and C-terminal domains. (C-E) X-ray structures of three Fis-Xis-DNA ternary complexes: FX 2 , FX 1-2 -1Xis and FX 1-2 -2Xis, respectively. The DNA sequences of the oligonucleotides used for crystallography are given below with the boundaries of the Fis and Xis binding sites denoted; the Fis core sequence is in bold letters. Fis dimers (magenta and green subunits) bind DNA (grey) in a similar manner to that observed in Fis-DNA binary complexes. The Xis 1-55 bound to the X2 (blue) site inserts its helix B into the major groove and its ␤-turn-␤ wing motif into the minor groove towards the center of the Fis binding interface. Xis bound within the X1 region (orange) in the FX 1-2 -2Xis structure inserts its wing motif into the minor groove at the outer edge of the Fis binding site and thus is in the reverse orientation. (F) FX 1-2 DNA substituted with 5-bromodeoxyuridine (5-BrdU) at the sequence positions denoted with asterisks in panel D was used to verify the site of Xis 1-55 binding in the FX 1-2 -1Xis structure. Difference density (blue mesh) of the 5-BrdU is rendered at 5. The right panels highlight nts 8 (top) and 12 (bottom) (numbered from the central T) that are substituted with in the excisive intasome (9) (10) (11) . The curvature of DNA induced by the Fis-3Xis nucleoprotein filament, together with bending by the architectural protein IHF bound at the H2 site, positions the C-terminal catalytic domain of the P2bound Int molecule at the DNA crossover region ( Figure  1B ) (12) .
Fis is a bacterial nucleoid protein that functions in transcription, replication, and recombination reactions (13) . Fis can stably bind to specific DNA sites, although the sequences of these high affinity binding sites vary considerably. The Fis dimer binds DNA through its helix-turn-helix motifs, and multiple co-crystal structures have shown that the DNA in Fis complexes is highly distorted, exhibiting both radically changing minor groove widths and significant overall curvature (60-75 • ) ( [14] [15] [16] .
Xis is a winged-helix DNA binding protein, which is expressed at high levels shortly after prophage induction, but by itself, exhibits low binding specificity (8, 10, 17, 18) . Indeed, addition of the X2 binding sequence to a DNA fragment does not enhance Xis binding in vitro, but Xis cooperatively assembles a 3-Xis protomer complex on attR DNA containing the native X2-X1.5-X1 binding sites (6) (7) (8) . The Xis nucleoprotein filament structure assembles at lower Xis concentrations in the presence of Fis (7, 8, (18) (19) (20) . Moreover, without Fis in vivo, attL × attR recombinant products are reduced ∼100-fold from an induced lysogen, which results in up to a 1000-fold decrease in phage yields (4, 8) .
Previous work mapped the overlapping F and X2 binding sites on attR but revealed surprisingly small effects by Fis and Xis residues on Fis-Xis binding cooperativity (8, 19) . These data, along with subsequent X-ray structures of Fis bound to DNA revealing large DNA conformational changes (14) (15) (16) , led to the suggestion that DNA structural changes could be playing a prominent role in the targeting of Xis to X2 by Fis. We investigate this idea by solving three different crystal structures of Fis-Xis-DNA ternary complexes and compare these to previously determined binary structures containing DNA bound by only Fis or Xis. These structures, together with accompanying mutagenesis and biochemistry, show that direct protein-protein interactions cannot account for Fis-Xis cooperativity. Rather, we posit that Fis-induced changes in DNA shape target Xis binding to the attR locus.
MATERIALS AND METHODS

Crystallization, structure determination and refinement
Fis (16) and Xis (8, 18) proteins were prepared as previously described. Xis 1-55 containing residues 1-55 with a cysteine to serine substitution at residue 28 was used for crystallography. Xis mutations were introduced using the QuikChange method into the codon-optimized full-length Cys28Ser xis gene cloned between the NdeI and BamHI sites of pET11a (pRJ2178). DNA oligonucleotides for crystallography and in vitro binding assays were obtained from IDT and annealed in equal molar amounts in buffer containing 20 mM Tris-HCl (pH 8.0) and 150 mM sodium acetate. The DNA sequences used for each structure are given in Figure 1C -E.
Fis-Xis-DNA complexes were prepared for crystallization by first incubating Fis with DNA in crystallization buffer containing 20 mM Tris-HCl (pH 7.5) and 200 mM Na acetate with 1.25 molar excess of Fis dimer to DNA duplex at a protein concentration of 0.5 mg/ml. After 20 min at 4 • C, Xis 1-55 was added at 2-or 4-fold molar excess relative to Fis. Following an additional 30 min incubation, the complex was concentrated to ∼10 mg/ml using a 3K MWCO centricon filter (Amicon). Optimal crystals were grown at 4 • C in hanging drops containing equal volumes of complex solution and reservoir solution (0.1 M HEPES, pH 7-7.5 and 15% (v/v) PEG4000) and began to appear after 1-2 weeks of growth. Crystals were cryoprotected in reservoir solution plus 30% PEG4000, and diffraction data were collected at the Advanced Photon Source, Chicago IL, beamline 24-ID-C.
Diffraction data were indexed and scaled with XDS and XSCALE (21) . The FX 1-2 crystals were fragile, sensitive to radiation damage, and exhibited anisotropic diffraction. The FX 1-2 -1Xis structure was the first to be solved by molecular replacement (MR) with PHASER (22) using the Fis-DNA binary complex (PDB code: 3IV5) as the search model. Rigid body fit of the Xis monomer (PDB code: 1RH6, chain B) into the positive difference density was performed manually in COOT (23) . Models were refined in PHENIX (24) and BUSTER (25) , and further model building and validation was performed using COOT. The FX 1-2 -1Xis structure was refined at 3.60Å resolution generating final R/R free values of .199/.248 with an average B of 122Å 2 . Given the modest resolution of the FX 1-2 -1Xis structure, the Xis-bound half-site was unambiguously identified in a different crystal of this complex by anomalous dispersion from two asymmetrically positioned bromine atoms incorporated as 5-bromodeoxyuridine base analogs within the Xis bound half-site (see Figure 1D and F). The FX 1-2 -2Xis and the higher resolution FX 2 structures were solved in a similar manner using FX 1-2 -1Xis as the MR search model. Positive difference maps clearly showed the presence of a second Xis monomer in the asymmetric unit of the FX 1-2 -2Xis structure, which was again manually fit as a rigid body in COOT. FX 1-2 -2Xis was refined at 3.30Å to an R/R free of .192/.219 (average B = 134Å 2 ), and FX 2 was refined at 2.7Å to R/R free values of .222/.227 with an average B value of 73Å 2 but lower B values over the region co-bound by Xis where many solvent molecules (average B = 53Å 2 ) are resolved. Table 1 provides diffraction and refinement statistics for the three structures. DNA structural parameters were calculated using 3DNA (26) , and DNA curvature determined using CURVES (27) . Shape complementarity (28) and surface area (areaimol; (29) ) calculations were obtained using the CCP4 suite of crystallography programs (30) . Models and structure figures were generated using Py-Mol (Schrödinger, http://www.pymol.org).
In vitro binding assays
In vitro protein-DNA complexes containing Fis and/or Xis were analyzed by electrophoretic mobility shift assays as previously described (8) with slight modifications. For ternary complexes on 34 bp DNA duplexes, 50-200 fmol of 5 32 P labeled DNA (attR coordinates -54 to -87) was incubated with 4 nM Fis in binding buffer (20 mM HEPES (pH 7.5), 0.1 M NaCl, 50 g/ml poly dI/dC competitor DNA, 5% (v/v) glycerol, 500 g/ml BSA, 1 mM EDTA and 1 mM DTT) for 20 min. Xis was then added (0.05-1.35 M) and incubated for 30 min at 25 • C in a final volume of 20 l. Complexes were then separated from free DNA by electrophoresis in 8%, 37.5:1 acrylamide/bis-acrylamide gels in 45 mM Tris-borate EDTA buffer and quantified on a Typhoon 9400 phosphorimager (GE Life Sciences). Equilibrium dissociation constants were estimated from a plot of the ratio of the Fis-Xis-bound DNA signal to the Fisbound DNA signal as a function of log Xis concentration as adapted from (31) .
Complex formation was also measured on a 263 bp fragment amplified from the prophage attR (attR coordinates -220 to +43) using 5 32 P-labeled primers as described in Pa- pagiannis et al. (8) . Binding buffer contained 5.0 g/ml poly dI/dC (Figure 2) or 12.5 g/ml sonicated salmon sperm DNA ( Figure 6 ) and ∼200 fmol of probe DNA. Following a 20 min incubation at 25 • C with Fis, Xis was added in increasing concentrations as specified in the figure legends, and the reactions were equilibrated for an additional 30 min. Binding reactions were subjected to native PAGE in 6% 37.5:1 acrylamide/bis-acrylamide gels, which were then dried and imaged.
RESULTS
X-ray crystal structures of three Fis-Xis-DNA ternary complexes
To explore the structural basis for Fis recruitment of Xis to the X2 site within the prophage attR recombination site, X-ray crystal structures of three different Fis-Xis-DNA complexes were determined ( Table 1 ). The 'FX 2 ' structure contains a Fis dimer, an Xis 1-55 monomer (hereafter referred to as Xis), and a 27 bp DNA duplex representing the native sequence except for an A/T base pair at each end ( Figure 1C ). The 27 bp DNA used for the 'FX 1-2 -1Xis' and 'FX 1-2 -2Xis' crystals contains a Fis binding site with overlapping X1 and X2 sequences on either side. The 'FX 1-2 -1Xis' structure contains a Fis dimer plus Xis bound at X2 ( Figure 1D ). We verified that the single Xis protomer binds to the X2 site in the X 1-2 F-1Xis structure by incorporating 5-bromo-deoxyuracil (5-BrdU) in place of deoxythymidine bases that are asymmetrically distributed within the X 1-2 DNA ( Figure 1D sequence). Anomalous dispersion from Br was used to calculate an anomalous difference map to locate the Br atoms in the model-phased ternary structure; the difference density confirms that Xis is bound to the X2 half-site containing the brominated bases ( Figure 1F ). The 'FX 1-2 -2Xis' contains a second Xis protomer bound over the X1 end ( Figure 1E ). However, this Xis is bound in the reverse orientation with respect to the X1 binding site (6) and Fis (8) . Although the structure of the Xis bound over X1 in the FX 1-2 -2Xis complex is not relevant to Fis-Xis cooperativity, we discuss below how it informs on Xis-Xis interactions leading to formation of the Xis nucleoprotein filament and why Xis bound to the X1 sequence in the correct configuration was not obtained. The Xis winged-helix motif protein is bound to the X2 site in the FX 2 , FX 1-2 -2Xis and FX 1-2 -2Xis structures essentially identically when compared to each other and to Xis-X2 crystal structures (PDB codes 1RH6, 2OG0, and 2IEF; Figures 1C-E, 2A and 3). The DNA recognition ␣-helix of Xis in the Fis-Xis complexes is inserted into the major groove adjacent to but in an antiparallel orientation with re- Omit maps for the solvent molecules were individually generated and contoured at 4.5-5.0 (blue) or 3.25 (green). The C7/G7b base pair is colored. (D) View of the Fis-Xis binding region highlighting the layer of solvent molecules (cyan spheres) separating Fis and Xis residues in the major groove. Xis backbone atoms within the wing (Gly38-Glu40, blue) along with Arg39 side chain atoms (yellow) that insert into the minor groove are rendered as spheres; ordered waters within the minor groove also displayed. (E) Gel mobility shift assays evaluating DNA binding by Xis-wt and Glu19Ala on an attR DNA fragment with and without Fis. Xis concentrations increased from 50 to 1350 nM in 3-fold increments and Fis was added at 4 nM as designated. Xis-wt cooperatively binds to attR to forms a complex containing three Xis protomers (3X). Xis-wt binding is stimulated in the presence of Fis to assemble a Fis dimer + 3Xis -attR complex (F3X). DNA complexes by Xis-Glu19Ala alone are not detectable, but F3X complexes are formed at high mutant Xis concentrations demonstrating cooperative binding with Fis without the Glu19 side chain. spect to the recognition ␣-helix of the helix-turn-helix motif of Fis. The N-terminal ends of the Fis and Xis recognition helices that protrude into the major groove are rotationally shifted ∼70 • from each other. As discussed further below, there is strikingly little direct contact between Xis and Fis residues within the major groove (Figure 2A-D) . The Xis wing (␤3-hairpin-␤4) reaches over the DNA backbone and inserts into the minor groove towards the center of the Fis dimer binding site. The Arg39 side chain emanating from the hairpin tip travels along the floor of the minor groove making many nonspecific contacts with the DNA in a similar manner as observed in Xis-only DNA structures, but no Xis residues within the wing are close to Fis (Figure 2A in these crystals, as is the case with the dominant form of Fis-only crystals (32, 33) . We discuss molecular interactions within the Fis-Xis complex primarily using the higher resolution FX 2 structure but note relevant differences present in the FX 1-2 -1Xis and FX 1-2 -2Xis structures.
DNA contacts within the Fis-Xis-DNA ternary complex
Fis and Xis contacts to DNA in the ternary complexes are nearly identical to those observed in the previously reported binary complexes of Fis-DNA and Xis-DNA (Figures 2A and 3 (6, 8, (15) (16) (17) . As is the case in the binary complexes, most of the protein contacts are to DNA phosphate backbone atoms. The most important direct base contact by Xis within the major groove is by Glu19, which is directly hydrogen bonded to C7:N4 and is involved in water-bridged contacts with A6 and G5 ( Figure 2B and C). As found in other Xis-DNA complexes, Arg22 is bonded to Glu19 to help neutralize the charge and to the phosphate of G5. Arg23 has been found to adopt two conformations in different Xis-DNA structures: one in which it makes hydrogen bonds to bases (G10b and T9b) and a second in which it contacts the T11b phosphate. The Arg23 side chain is present in both conformations in the FX 2 complex with the dominant ro-tamer contacting the DNA backbone, as is the case for the X2 site within the X2-X1.5-X1 microfilament structure.
The most important base-specific contact by Fis in high affinity Fis binding sites is mediated by the guanidinium group of Arg85 to a guanine, and in the FX 2 structure, both the N7 and O6 atoms of G7b are within 3Å ( Figures 2B  and 3 ). Thus, each base of the position 7 C/G pair is directly contacted by either Fis or Xis (Glu19-C7:N4, 2.7Å). In addition, the Fis Asn84 side chain is positioned to make a long range hydrogen bond with A4:N7, as is typically seen when a purine is at that location in Fis binding sites (16) .
The FX 2 structure reveals for the first time a layer of interconnected solvent molecules spanning most of the major groove interface with Fis ( Supplementary Figure S1) . A few waters are involved in bridging interactions between bases and Fis side chains (e.g., Asn84 and Arg85). The majority are separately hydrogen bonded to either bases or Fis. These, together with additional interconnected stable waters, form a near contiguous solvent surface between Fis and DNA to help stabilize the complex. However, it appears unlikely that water-mediated interactions provide much sequence specificity from the chemical interactions revealed here and the body of knowledge regarding Fis-DNA interactions (13, 15, 16, (34) (35) (36) (37) (38) .
Lack of direct contacts between Xis and Fis
Xis and the helix-turn-helix motif of Fis subunit A approach each other within the shared major groove, but a layer of ordered solvent molecules separates the two proteins ( Figure 2C and D) . Near the floor of the groove, the side chains of Fis Arg85 and Xis Glu19 that are hydrogen bonded to the position 7 (C/G) base pair most closely approach each other (4.0Å in FX 2 to 4.3Å in FX 1-2 -2Xis). These two side chains are indirectly hydrogen bonded to each other through two intermediary water molecules (Figure 2B and C) . Previous mutant studies have shown that Fis Arg85 is essential for binding DNA, including at the F site of attR (38) (39) (40) (41) . Xis-Glu19Ala binds DNA poorly and nonspecifically (42) . To evaluate if a long range or waterbridged interaction between Xis Glu19 and Fis Arg85 is important for Xis-Fis binding cooperativity, we asked whether Xis-Glu19Ala could be recruited to Fis-bound attR. In the presence of competitor DNA, no binding by Xis-Glu19Ala to attR is detectable ( Figure 2E ). However, Fis + Xis-Glu19Ala complexes are formed, albeit less efficiently than with Xis-wt. These results confirm the importance of Glu19 for Xis-DNA binding, but more importantly, show that Fis is able to recruit Xis in the absence of the Xis Glu19 side chain. These results lead us to conclude that direct or indirect interactions between Fis Arg85 and Xis Glu19 are not essential for binding cooperativity.
Outside of the major groove, Xis Gln6 and Leu18 are positioned 3.5-7.3 and 4.5-4.9Å from Fis Leu79, respectively, in the different structures ( Figure 2D for FX 2 ). Previous data showed that a glutamic acid substitution of Xis Gln6 exhibited a small reduction in Fis-Xis cooperative binding, but a Leu18Ala mutation had no demonstrable effect (8) . The orientation of the Xis Gln6 side chain is variable in the different Fis-Xis-DNA structures; in the FX 2 complex it approaches within 3.5Å of Leu79 on Fis, but in the FX 1-2 -2Xis complex the electron density is consistent with the Gln6 side chain oriented away from Leu79 and in position to hydrogen bond with a DNA phosphate. Although Xis-Gln6Glu exhibited poorer DNA binding (8), the variable positions of the Gln6 side chain relative to Fis Leu79 in the X-ray structures suggest that an interaction between these residues is unlikely to be playing a significant role in cooperative binding.
DNA structure in the Fis-Xis-DNA ternary complex
The 27 bp DNA in the FX 2 structure exhibits an overall curvature of 61 • (calculated by CURVES), which is within the lower range of bending angles measured in X-ray structures of Fis bound to different DNA sequences (15, 16) . Xis binding, however, significantly alters the DNA trajectory over the X2 binding site within the F-X2 segment (Figure 4A) . The DNA backbones from the canonical Fis-only (F1 sequence; (16) ) and FX 2 structures closely superimpose over the Fis binding interface to the most distal hydrogen bond, which is formed by Fis Asn73. The DNA backbone over the outer 4 bp of FX 2 that is proximal to the Xis basic surface (Xis residues Arg14, Arg16, Arg23, Arg29 and Lys49) is then pulled up to 6Å closer to Xis relative to the Fis-F1 complex, enabling hydrogen bonding by Xis Ser17, Thr20 and Trp24 to proximal phosphates. The resulting DNA structure over the X2 binding site in the FX 2 complex closely follows the structures in Xis-X2 binary complexes ( Figure 4A ). The combined changes to the DNA trajectory by Fis and Xis binding are important for correctly positioning integrase arm and core binding sites on attR for assembly of the active synaptic complex (3, 12) .
Fis binding radically changes minor groove widths into a shape that corresponds to the minor groove architecture of Xis-only DNA complexes ( Figure 4C ). The minor groove on the DNA side opposite to where Fis inserts its recognition helices (bp 4-8) is expanded by almost 50% of average B DNA widths, even though major groove widths remain relatively constant (16) . The minor groove then rapidly narrows to about half its canonical width at the center of the Fis interface. Minor groove widths in the Xis-only and Fis-Xis DNA complexes over the X2 binding site closely conform to those in Fis-only complexes, although when Xis is bound, there is an outward shift in the widening of the groove. This DNA backbone structure enables the peptide backbone of the Xis wing to insert into the minor groove towards the center of the Fis site such that Gly38 and Arg39 at the ␤-hairpin turn can protrude deep into the C-A dinucleotide step at bp 3-4 ( Figure 4B ). The result is a snug fit between the peptide backbone and the minor groove surface (surface complementarity score between the Xis wing motif and DNA in the FX 2 structure is 0.826). The Arg39 side chain that emanates from the tip of the wing travels along the floor of the narrowing groove with its terminal amine engaging in multiple hydrogen bonding interactions with DNA atoms and a solvent molecule that begins an ordered hydration spine through the minor groove (also illustrated in Figure 6A , below). In addition to improving shape complementarity, the narrowing minor groove generates an increasingly negative electrostatic surface environment that favors insertion of the Arg39 side chain (43, 44) .
DNA substitutions that alter Fis-induced changes in minor groove widths inhibit Fis-Xis cooperativity
In order to test the importance of Fis-induced DNA conformational changes in promoting Xis recruitment to attR, we evaluated Xis binding to Fis-DNA complexes that have been shown to exhibit altered minor groove shapes. When a flexible pyrimidine-purine (Y-R) base step at the ±(3-4) position is replaced by a Y-Y (R-R) step, the Fis-bound DNA exhibits a broader region of minor groove compression extending out from the center of the Fis binding site ( Figure 5A , F18 and F32 Fis binding sequences (15, 16) ). In addition, the absence or displacement of the Y-R sequence step outwardly shifts the position of a Fis-induced kink in the DNA helical axis relative to the center of the Fis binding site ( Figure 5B ). We reasoned that if Fis-induced DNA structure promotes Xis binding, base substitutions that alter DNA shape in Fis-bound complexes over the Xis wing interface will compromise Xis recruitment.
Fis-Xis cooperativity was evaluated on a 34 bp DNA fragment containing the attR F and X2 binding sites, similar to the duplex used for the FX 2 structure. Xis-only binding to the short DNA probe is essentially undetectable, but Xis binds to the Fis-bound probe with a K d ∼ 0.4 M ( Figure  5C and D) (see (8) ). Xis binding to Fis-DNA complexes containing T-C or C-C at the +(3-4) step is severely reduced. Fis-Xis cooperativity remains, however, when the DNA contains the other Y-R step combinations at +(3-4), (T-A, T-G or C-G), suggesting that a flexible Y-R step, rather than the identity of the bases, is the critical determinant for Fis-dependent Xis binding at this position. We note that although the +(3-4) dinucleotide is not directly bonded by Xis, water-bridged interactions involving the Arg39 backbone carbonyl to minor groove atoms are present (see Figure 6A ). However, similar hydrogen bonding to chemical groups on the minor groove floor would be expected to occur with different base pair identities.
Xis was absent or was bound in an improper manner at the X1 site in our X-ray structures employing the FX 1-2 sequence, even though Xis bound properly to the X2 sequence ( Figure 1D and E) . This may be explained by the X1 sequence having an A-A (T-T) instead of a Y-R step at the 3-4 position of the Fis binding site. Thus, the native X1 sequence is incompatible with co-binding with Fis.
Role of the Arg39 side chain in Xis and Fis-Xis binding
We evaluated the importance of the Arg39 side chain for Xis-DNA binding and recruitment by Fis. Binding by Xis mutants Arg39Ala or Arg39Lys to the 34 bp F-X2 probe was undetectable, even in the presence of Fis (not shown). Therefore, the 263 bp fragment containing the F-X2-X1.5-X1 region of attR was employed. Xis-wt protomers bind cooperatively to the three Xis binding sites, and under the conditions employed here, the three Xis protomers bind together with Fis at 2.5-to 3-fold higher affinity ( Figure 6B ). Xis-Arg39Ala forms cooperative but less stable complexes with attR at ∼15-fold lower affinity than Xis-wt ( Figure  6C ), confirming the importance of the arginine side chain for Xis binding. Significantly, Fis also enhances Arg39Ala binding by a factor of ∼2to 2.5-fold. Interestingly, the electrophoretic mobility of the Xis-Arg39Ala complex formed with Fis is slightly faster than for the mutant Xis-only DNA complex. We verified that Fis is present in the Fis + Xis-Arg39Ala complex by the slower electrophoretic mobility generated using the higher MW derivative gfp-Fis (Supplementary Figure S3 ). The complexes formed by Xis- Arg39Ala both without and with Fis are less discrete and appear to increase in molecular weight with increasing Xis concentrations, implying formation of extended nucleoprotein filaments of Xis-Arg39Ala.
Xis-Arg39Lys binds attR DNA with about 10-fold lower affinity than Xis-wt, generating a stepwise increase in the number of complexes with added mutant Xis ( Figure 6D ). This non-cooperative binding profile is similar to Xis binding to non-attR probes (8) , and indeed, Xis-Arg39Lys generated a similar stepwise increase in complexes on a nonspecific DNA probe (data not shown). Moreover, Xis-Arg39Lys shows no evidence of cooperative binding with Fis as DNA complexes with Fis plus increasing Xis also exhibit stepwise shifts in apparent molecular weight (Figure 6D ). We suggest that this altered DNA binding profile is caused by improper association of the wing with DNA, which results in non-specific and non-cooperative DNA binding. One model is that the mutant Lys39 side chain binds to a phosphate on the surface of DNA, in contrast to the native arginine side chain that associates with the floor of a narrowed minor groove. In this scenario, binding by Xis-Arg39Lys would be independent of minor groove widths, and Xis-Xis interactions promoted by acidic residues in the wing and basic residues on the opposite surface of an adjacently-bound Xis protomer (see (6) ) would be disrupted because of the altered positioning of the wing.
We conclude that the Arg39 side chain is important for proper DNA binding by Xis and indirectly for Xis-Xis binding cooperativity, but does not directly contribute to Xis-Fis cooperativity.
The symmetry-related Xis protomer over the X1 site of the FX 1-2 -2Xis complex resembles Xis bound to the X1.5 site in attR
The FX 1-2 -2Xis structure contains an Xis protomer bound over the region containing the X1 sequence but in reverse orientation ( Figure 1E ). The DNA in the crystal lattice forms a pseudo-continuous helix, and the Xis associated with X1 in the symmetry-related unit is abutted against the Xis at X2 with its wing protruding into the minor groove of the DNA duplex bound by X2 ( Figure 7A ). The configuration of the Xis X2 -Xis X1sym protomers resembles those bound to X1 and X1.5 in the X1-X1.5-X2 microfilament. In the X1-X1.5-X2 crystal structure, Xis protomers associate with each other predominantly through electrostatic interactions involving acidic residues on the wing (Asp37 and Glu40) and basic residues (most prominently Arg14, Arg16) on the adjacent Xis; however, the molecular interactions are not identical at the X2-X1.5 and X1.5-X1 interfaces due to differences in helical rotation between interacting Xis protomers (6) . In the FX 1-2 -2Xis structure, the acidic residues on the symmetry-related Xis/X1 wing are also positioned close to Arg14 and Arg16 at X2, albeit their rotational relationship is not identical to either interface in the X1-X1.5-X2 crystal structure. The FX 1-2 -2Xis lattice thus approximates a Fis-Xis-Xis structure that contains an additional Xis positioned to interact with the Xis bound at X2.
We then combined the 2.6Å resolution X2-X1.5-X1 structure (PDB code 2IEF) onto the FX 2 structure by aligning the Xis protomers bound at X2 to generate a complete 
) was aligned with the FX 2 structure over the Xis protomers bound at X2 (Xis/X2 from FX 2 colored blue and Xis/X2 from 2IEF colored cyan; rmsd over Xis backbone atoms = 0.42Å). The DNA of 2IEF is brown. (C) The same DNA segment as shown in panel B (attR sequences 53-100) from the 11Å cryoEM structure of the attR/attL intasome (PDB code 5J0N, (12) ). The DNA is shown in the same orientation after alignment with the Fis-Xis model DNA in panel B. The cryoEM intasome structure did not include Fis. model of the ∼50 bp attR segment bound by Fis and Xis ( Figure 7B ). As expected, the overall trajectory of the DNA is very similar to the respective segment of the Xis-only bound attR arm in the 11Å resolution cryo-EM structure of the excision complex (PDB code 5J0N, (12)) ( Figure 7C ). The excisive intasome in the cryo-EM structure was assembled without Fis so it is not unexpected that the DNA region over the F site exhibits greater deviation. In our model, Fis increases the curvature towards IHF bound to the H2 site. Importantly, when the DNA from our Fis-Xis model is aligned onto the respective segment of the cryo-EM structure, the Fis protein, including the extended N-terminal ␤hairpin arms, does not interfere with other proteins or DNA segments within the intricately-wrapped intasome complex.
DISCUSSION
Although phage excisive recombination can occur in vitro without Fis under high Xis concentrations, excision in vivo is largely dependent upon Fis. DNA excision products from an induced prophage were found to be nearly undetectable by Southern blotting (4) and decreased ∼100fold by qPCR in fis mutant cells (8) . Thompson et al. first showed that a high affinity Fis binding site overlaps the X2-Xis binding site in the attR region (19) . This site is highly occupied in rapidly growing lysogens as measured in genome-wide chromatin immunoprecipation experiments (Y. Bernatavichute and R.C.J., unpublished data, see also (19) ). Thus in growing lysogens, but not in quiescent cells when Fis levels are very low, Fis is poised to recruit Xis to attR to initiate excision when Xis and Int expression are induced upon DNA damage (4, 5, 19, 45) . In vitro, Xis by itself binds DNA with low affinity and in a largely non-specific manner (8, 10) . Even at attR, which contains three adjacent Xis binding sites in helical phase with each other, Xis binds with 100-fold lower affinity than Fis in the presence of excess competitor DNA (18) . On short DNA substrates containing only the F and X2 sites, Xis binding is essentially dependent on Fis ( Figure 5C and (8)). Fis promotes Xis loading to the X1-X1.5-X2 segment of attR with up to 4-fold higher affinity (8, 18, 19) . We show here that recruitment of Xis to X2 by Fis is not through direct protein-protein interactions, but rather indirectly through DNA conformation.
The Xis (X2) and Fis (F) binding sites in attR overlap, though the bound proteins are rotationally displaced about 70 • from each other on DNA in the co-complex. Our three crystal structures of Fis and Xis bound to the F-X2 DNA segment reveal little (70Å 2 in the FX 2 structure) or no (both FX 1-2 structures) shared surface between the Xis and Fis proteins. A curtain of ordered solvent molecules separates amino acid residues of the Fis and Xis DNA recognition helices that are inserted antiparallel with respect to each other within the major groove. The closest approach in the FX 2 structure is between the polar end of the Xis Gln6 side chain from helix A and the Fis Leu79 side chain methyl, which emanates from its positioning helix C ( Figure 2D ). However, in the FX 1-2 -2Xis structure, the Gln6 side chain is oriented to contact a DNA phosphate.
Previous studies have shown that Fis Arg85 and Xis Glu19 make the most important base contacts in their respective individual DNA complexes (16, 17) . In the cocomplex these residues hydrogen bond to the same G/C base pair, and are indirectly hydrogen bonded through two intervening water molecules ( Figure 2B and C) . Nevertheless, Xis-Glu19Ala is still recruited to attR by Fis, even under conditions where the mutant exhibited undetectable binding to attR on its own (Figure 2E ). Gardner and coworkers also reported that this mutant exhibited intermediate levels of excision in vivo when Fis was present (42) . We conclude that direct or indirect interactions between these residues cannot be essential for cooperative binding.
The lack of protein-protein interactions between Fis and Xis led us to consider a mechanism by which binding coop-Nucleic Acids Research, 2019, Vol. 47, No. 16 8885 erativity is mediated through DNA structure. Fis binding narrows the minor groove to about half its normal width at the center of its binding site and expands the minor groove about 50% over average B DNA widths, peaking 6 bp from the center ( Figure 4C ). The Fis + Xis structures reveal how the Fis-induced changes in minor groove width are tailored for binding by the Xis wing. The ␤-hairpin turn at the tip of wing snugly inserts into an expanded minor groove on the opposing face of the DNA helix from Fis to position the Arg39 side chain along the floor of an increasingly narrowing groove. Fis thus conforms the minor groove into a shape and surface charge potential (44, 46) that is optimized for Xis binding.
The properties of mutations in both the DNA sequence and at Xis Arg39 provide experimental support that proper insertion of the wing peptide backbone is of primary importance for Fis-Xis cooperativity, with the resulting interactions between Arg39 and the minor groove floor strongly contributing to Xis-DNA affinity. Previous studies have documented that DNA mutations which eliminate or shift the position of the Y-R base pair step, which is optimally located at the (±)3-4 steps in high affinity Fis binding sites, change the minor groove shape in Fis-bound complexes (15, 16) . In these complexes, the minor groove is too narrow for insertion of the Xis wing, and indeed, we find that Fis-Xis cooperativity is lost with mutations that eliminate a Y-R step at the 3-4 position ( Figure 5 ). The Y-R step at the 3-4 position of Fis, Xis and Fis-Xis complexes all exhibit a modest kink (7.5-10 • , Figure 4D ), which may also contribute to DNA shape-based cooperative binding.
Without an arginine side chain at residue 39, Xis-DNA binding affinity is severely decreased; however, Fis is still able to recruit Xis-Arg39Ala to attR. It is noteworthy that a lysine will not functionally substitute for an arginine at residue 39; rather, Xis-Arg39Lys exhibits sequenceindependent non-cooperative binding with or without Fis. Insertion of arginines into narrow A/T-rich minor grooves are a common feature within protein-DNA complexes. Arginines are believed to be preferred over lysines within the minor groove because of the lower energetic cost of removing a charged arginine as compared to lysine from water and the greater strength of arginine cation-interactions relative to lysine in biological environments (46, 47) . The binding properties of Xis-Arg39Lys suggests that the mutant is not binding DNA in the correct manner and highlights the importance of a properly bound wing for Xis-Xis cooperativity, which is driven primarily by electrostatic interactions between acidic residues on the wing and basic residues on the body of the partner Xis (6) . Sequence-independent non-cooperative binding profiles similar to Xis-Arg39Lys (but not Arg39Ala) are a hallmark of mutants containing changes that eliminate basic or acidic residues in the Xis-Xis interface (6) .
Fis also strongly bends DNA, including small (∼-15 • ) out-of-plane bends at each DNA end (15, 16) . Xis binding to the X2 site induces about 25 • of overall curvature originating from its major groove binding interface (6, 17) . Because the Fis-and Xis-induced curvatures over the X2 segment of the F-X2 locus are largely co-planar ( Figure 4A ), Fis-induced bending further conforms the DNA into an optimal shape for Xis binding. In support of the role of Fis-induced bending, Fis mutants Thr75Ala and Asn73Ala have a measureable effect on Xis recruitment (8) . These residues are not close to Xis, but their side chains make DNA backbone contacts at the outer edge of the Fis-DNA binding interface and thus are likely to influence the DNA trajectory over X2. We note that the opposite (H2 proximal) side of the attR F binding site has an A-tract over the sequence that would correspond to the position where the Xis recognition helix would insert (see Figure 2C ), and thus this sequence would probably discourage Xis binding.
In summary, our structures of Fis-, Xis-and Fis-Xis DNA complexes, along with binding properties of DNA and protein mutants strongly suggest Fis recruits Xis to attR through a DNA allostery mechanism. Fis binding both molds the minor groove to optimize insertion of the Xis wing backbone and Arg39 side chain within the groove and shapes the major groove to promote Xis contacts to the DNA backbone. These DNA structural changes induced by Fis combine to conform a lower energy binding target for Xis.
We emphasize two features of DNA-mediated cooperativity in the Fis-Xis complex that may be generally applicable to other cooperative binding complexes: critical DNA conformational changes can be relatively small and must be highly localized. For example, the minor groove is only modestly expanded where the Xis wing backbone abuts the DNA backbone, but the geometry of this expanded groove precisely fits the Xis wing structure at the site of insertion, as evidenced by experiments showing that a 1-2 bp shift abrogates cooperative binding ( Figure 5 ). Likewise, the relatively small amount of Fis-induced curvature introduced into the major groove binding interface of Xis must be appropriately helically-phased such that modest additional bending in the proper rotational phase can enable hydrogen bonding by Xis residues (e.g. Ser17, Thr20 and Trp24) to the DNA backbone.
The eukaryotic chromatin landscape contains dense arrays of different DNA binding proteins within nucleosomefree regions (48, 49) . As noted above for the ␤-interferon enhancer (1), protein-protein interactions facilitating formation of these arrays are not always evident. A recent high throughput study identified hundreds of examples where pairs of eukaryotic transcription factors bound to abutting or overlapping DNA sequences in a random DNA library (50) . In most cases, little, if any, direct proteinprotein interactions were implicated, implying that DNAmediated mechanisms contributed to co-complex formation. Indeed, a crystal structure of one pair (two MEIS1 homeodomains) bound to opposite sides of an overlapping sequence confirmed the absence of any protein-protein interactions. Even when protein-protein interactions dominate, there can be compelling evidence for cooperative binding through DNA conformation. For example, the POUspecific domain and the POU homeodomain bind cooperatively to the Oct-1 site even when the peptide segment that normally covalently links these DNA binding domains is removed (51) . Hox-Exd/Pbx co-complexes are stabilized by noncovalent interactions between the N-terminal end of the Hox protein and a cognate binding pocket on Exd. Although removal of N-terminal docking peptide of the Hox protein Ubx reduces Exd binding 100-fold, Exd binding was found to be still 10-fold greater than without the mutant Ubx (52) . Remarkably, a sequence-specific polyamide in place of Ubx also enhanced Exd binding by a similar amount, and it was proposed that the modest expansion in minor groove width by binding of the polyamide was responsible for the increased Exd binding within the adjacent major groove. This stimulation required precise positioning of the polyamide, similar to the precise minor groove conformation required for recruitment of Xis by Fis. Another potential example involving Fis occurs during activation of transcription whereby Fis stabilizes RNA polymerase binding through the sigma subunit, but effects of mutations within the proposed Fis-sigma interface are modest (53) . These and other examples (see (2, 43, 54, 55) ) suggest that cooperative protein-DNA binding mediated solely or in part through relatively small DNA conformational changes may be common where overlapping or closely juxtaposed binding sites are involved.
